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The outermost layer of the skin, the horny layer or stratum corneum
(SC) exhibits a unique morphology. It consists of dead ﬂattened cells
(corneocytes) enriched with the structural protein keratin which are
embedded into a complex intercellular lipidmatrix [1]. The latter forms
continuous sheets of multiple bilayer stacks made up of free fatty acids
(FFA), cholesterol (CHOL) with its derivatives like cholesterol sulfate
(ChS), and ceramides (CER) which are classiﬁed into 11 subclasses [2–
5]. Later it was found that these mortar-like continuous lipid layers
constitute the main penetration barrier of the skin [6], whereby the
ceramides and the structural arrangementof the lipid bilayers play a key
role for the barrier properties and limitation of thewater transport [7,8].
Therefore, it is of utmost importance to understand the barrier function
of the skinonamolecular level, to learnmore about the impact of certain
SC lipid subclasses on the lamellar architecture, to study possibilities to
inﬂuence or moreover improve the barrier characteristics of the SC as
well as to modify its properties in terms of penetration enhancement.While early electron microscopy studies of skin morphology focused
on excised human skin [9,10], scattering techniques like X-ray scattering
were employed later to investigate the lamellar structure of lipid
mixtures made up of synthetically derived SC lipids [11]. The use of
such synthetical SC lipids with well-deﬁned head group architecture and
deﬁned hydrocarbon chain lengthwas found to bemore appropriate and
can overcome problems like the poor availability of human skin with
ethical requirements involved, and the distinct compositional variations
of SC lipids (overall lipid content and proﬁle) in different individuals. In
recent years, the beneﬁt offered bymore simpliﬁed systems composed of
synthetic SC lipids instead of complex mixtures was proven to be more
adequate in numerous works [12,13]. The application of the neutron
diffraction technique allowed to elucidate the lamellar assembly of a
quaternarymodelmembrane based onCER[AP], CHOL, palmitic acid (PA)
and ChS, mass ratio 55/25/15/5. The results emphasized the outstanding
role of the short chain andverypolar phytosphingosine-basedCER[AP] for
the formation of a stable bilayer backbone which is summarized in the
“armature reinforcementmodel” [14]. Furthermore, thepossibilityoffered
by neutrons to apply speciﬁc deuterium labeling in order to exactly
localize certain membrane components was highlighted in numerous
works [12,15–17].
In some cases, e.g. for the purpose of dermal or transdermal drug
administration, the physiological skin barrier properties are prejudicial
to the success of drug penetration either into deeper skin layers or
through the skin into the systemic circulation. Hence, mechanisms to at
least temporarily impair the barrier properties are necessary and have
Table 1
Composition of the investigated multilamellar samples.
SC lipid model system, components Designation Ratio (m/m)
1. CER[AP]/CHOL/PA/ChS Basic 55/25/15/5
2. CER[AP]/CHOL/PA/ChS/OA Basic_OA 49.5/22.5/13.5/4.5/10
3. CER[AP]/CHOL/PA/ChS/OA-D2 Basic_OA-D2 49.5/22.5/13.5/4.5/10
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to overcome the skin barrier, particularly chemical penetration
enhancement by substances denoted as penetration enhancers has
been studied extensively [19,20]. A plurality of substances from
different substance classes exists, known to promote the penetration
of different drugs into and through the skin, as e.g. shown for acyclovir
[21] and estradiol [22]. However, the exact mechanism of the action of
penetration enhancers is not yet fully understood on a molecular scale.
Among the numerous penetration enhancers, themonounsaturated cis-
9-octadecenoic acid (oleic acid, OA) is awell-studied substance [23–25].
The results reported in [25] showa signiﬁcantly increasedpenetration of
piroxicam after skin treatment with OA. These observations were
explained by direct perturbing effects of OA on the SC lipids which also
became apparent in decreased phase transition temperatures as well as
lowered transition enthalpies revealed by differential scanning calo-
rimetry (DSC)measurements. Another DSC study [26] on 5-ﬂuorouracil
(5-FU) permeation through excised skin likewise suggests an OA-
induced disruption of skin lipid packing to account for the promotion of
drug penetration. Furthermore, the formation of phase-separated ﬂuid
domains due to the presence of OAwas assumed to strongly contribute
to the enhancing effects [25], which was later underlined by other
results derived from e.g. ATR-IR studies on human skin [27], 2H NMR
spectroscopy on multilamellar SC lipid dispersions [28] or thermal
analysis and freeze fracture electron microscopy on isolated human SC
[29]. Finally, a vesicular model system based on the lipid components
CER[AP], CHOL, PA and ChSwas complemented byOA and subsequently
investigated bymeans of small angle X-ray scattering [30], whereby the
induction of phase separation by OA reported before could be
corroborated.
Probably due to its particular chemical structure, OA exhibits a
distinct perturbing effect on the intercellular lipid layers of the SC. The
ﬁndings of Separovic and Gawrisch regarding the impairment of lipid
chain order upon introduction of unsaturation [31] suggested that the
double bond signiﬁcantly affects the molecular shape of the lipid alkyl
chains, and consequently the whole bilayer arrangement. Increase of
chain disorder was accompanied by increase of area per lipid
molecule [32]. Later it was shown for phospholipid (PL) bilayers
that the greatest lamellar-disturbing effect was mediated by unsat-
urated FFA species featuring cis double bonds like OA [33], and that OA
was capable of increasing ﬂuidity of the acyl chain region in the PL
lamellae. Funari and co-workers considered the molecular shape of
OA equaling a boomerang to account for the perturbing effects on the
membrane structure [34]. Further molecular dynamics simulations
revealed such a cis double bond to introduce a skew state to the single
bonds surrounding the unsaturation, with parallel increase of gauche
states of the bonds neighbored to the skew state bonds [35].
The objective of the present study was to analyze the impact of the
penetration enhancer OA to the bilayer architecture of a SC lipid
model membrane based on CER[AP], CHOL, PA and ChS. We refer to
the already established quaternary system described before [14] and
complemented it by adding an amount of 10% (mass ratio) of the
monounsaturated fatty acid OA. Calculation of the neutron scattering
length density proﬁles allowed for detailed insights into the
membrane assembly in order to conclude the inﬂuence of OA. By
furthermore applying the speciﬁcally deuterium-labeled species oleic
acid-9,10-D2, we were able to evaluate the exact position of the
penetration enhancer inside the model membrane.
2. Materials and methods
2.1. Materials
Ceramide CER[AP] (N-(α-hydroxyoctadecanoyl)-phytosphingosine)
was kindlydonatedbyEvonikGoldschmidtGmbH(Essen,Germany). The
substance had a purity of ≥96% and was used without any further
puriﬁcation. Cholesterol (CHOL), palmitic acid (PA), cholesterol sulfate(ChS), and the penetration enhancer OA (cis-9-octadecenoic acid) were
purchased from Sigma Aldrich GmbH (Taufkirchen, Germany), while the
speciﬁcally deuterated variety (oleic acid-9,10-D2, later referred to as
OA-D2) was purchased from Larodan Fine Chemicals (Malmö, Sweden).
All substances were used as received. Quartz slides (Spectrosil 2000,
25×65×0.3 mm3) for the neutron diffraction experiments were pur-
chased from Saint-Gobain (Wiesbaden, Germany). For deposition of the
lipids onto the quartz surface, an airbrush instrument (Harder &
Steenbeck, Norderstedt, Germany) was used.
2.2. Sample preparation
Planar multilamellar model membranes were prepared according
to the method described earlier [36]. Brieﬂy, each lipid species was
dissolved in chloroform/methanol (2:1 v/v) and subsequently mixed
with the other components in the amount needed to yield sample
compositions according to Table 1. The chemical structures of all
synthetic SC lipids used for sample preparation are depicted in Fig. 1.
Then, a volume of 1.2 ml of the ﬁnal lipid mixture equalling a total
lipid amount of 12 mg was spread over the quartz glass surface by
means of an airbrush device. The solvent was allowed to evaporate at
room temperature under atmospheric pressure, before the samples
were kept under vacuum for 12 h.
After complete removal of solvent, the samples were subjected to
alternating heating and cooling cycles under water-saturated atmo-
sphere for the purpose of decreasing the mosaicity of the sample. The
necessity of that so-called annealing procedure was described in detail
before [17]. Furthermore, prior to the measurements the membranes
were treated with a buffer solution of pH 9.5, whereby hydration of
the membranes was facilitated. Such a procedure resulted in an
enhanced lamellar orientation of the SC lipids present in the
membrane as exemplary shown in Fig. 2A and B. Here, rocking
scans around the ﬁrst order Bragg peak of the multilamellar sample
Basic_OA were recorded before (Fig. 2A) and after the buffer
treatment was applied (Fig. 2B). Clearly visible is the strong increase
in peak intensity and decrease of the broadness of the peak, together
with a highly improved signal-to-noise (s/n) ratio due to the buffer
treatment, indicating that a larger fraction of SC lipids is now oriented
in bilayers parallel to the quartz surface. Such an arrangement is
essential for further evaluation of the neutron diffraction data as
described in the following Section 2.3.
2.3. Neutron diffraction experiment
Neutron diffraction experiments were performed at the V1
membrane diffractometer situated at the cold source of BER II
research reactor of the Helmholtz-Zentrum Berlin (HZB, Berlin,
Germany). A pyrolytic graphite monochromator was used to adjust
the neutron wave length to λ=5.23 Å which was used for our
experiment. For recording the scattered neutron intensity, a two-
dimensional position-sensitive detector (3He, 20×20 cm2 in area,
1.5×1.5 mm2 spatial resolution) was used. Diffraction data were
collected as θ−2θ scans from 2θ=0° to 45° at a sample to detector
distance of 102.38 cm. To check the lamellar orientation and sample
quality, test rocking scans were performed prior to the measurement
itself. For equilibration and subsequent measurements, the samples
were mounted in portable and lockable aluminum chambers where
they were kept at ﬁxed temperature (T) and relative humidity (RH).
Fig. 1. Chemical structure of the synthetic SC lipids used for preparation of multilamellar lipid model membranes. Abbreviations: CER[AP]: Ceramide AP, CHOL: cholesterol, PA:
palmitic acid, ChS: cholesterol sulfate, OA: oleic acid.
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RH as described before [37,38]. For measurements at 57% RH, sodium
bromide (NaBr)wasused,whilepotassiumsulfate (K2SO4)wasemployed
to create a more humid atmosphere of 97% RH. After each change of RH
and prior to the measurements, the samples were allowed to equilibrate
for 8 to10 h,while Twasﬁxedat 32 °C to allow for comparability to in vivo
conditions. Each sample was studied at no less than three different
neutron contrasts to vary the neutron scattering length density between
the lipids andwater. Therefore, the chamber atmospherewas set to three
D2O/H2O concentrations: 100/0, 50/50 and 8/92 (v/v).
Duringmeasurements, the samplewas exposed to amonochromatic
and collimated incoming neutron beam,with the intensity I of scattered
neutrons being recorded as a function of the scattering angle 2θ. The
latter is correlated to Q (scattering vector) by Q=4⋅π⋅sin θ/λ, where Q
is the resulting vector between incoming wave vector ki and scattered
wave vector ks, λ is the neutron wavelength, while θ is the angle of
incident beam and d is the spacing between the scattering planes. From
the positions of a series of equidistant peaks Qn, the repeat distance d
(periodicity) of a lamellar phasewas calculated by d=2⋅n⋅π/Qn, where
n is the diffraction order of the peak.
To gain insight into the bilayer structure on a nano-scale, commonly
the neutron scattering length density (SLD) proﬁles ρs(x) are calculated
by a Fourier synthesis of the structure factors Fh according to Eq. (1):
ρs xð Þ = a + b
2
d
: ∑
h max
h=1
Fh: cos
2⋅π⋅h⋅x
d
 
ð1Þ
Here, a and b are unknown coefﬁcients for the relative normal-
ization of ρs(x), d represents the lamellar repeat distance and h is the
diffraction order. The absolute value of Fh was calculated by
FH =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h⋅Ih⋅Ah
p
, where h is the Lorentz correction, Ah is the absorption
correction [39] and Ih is the integrated intensity of the hth peak.
At least three to four diffraction orders h are needed to reconstruct the
ρs(x). As the strong incoherent scattering cross section of the large
number of hydrogen atoms present in biological material accounts for
a poor signal-to-noise (s/n) ratio, well-oriented model membranes
are required in order to record diffraction peaks of higher orders.
Peak positions and intensities were determined by Gaussian ﬁts of
the peak maxima after background subtraction using the software
package IGOR Pro 6.1 (WaveMetrics Inc., Portland, OR, USA). As we
assume the SC lipid model bilayers investigated here to be centrosym-
metric with the synthetic SC lipids being distributed homogeneously
inside the model membrane, the determination of the phase angle andtherewithof the signof Fh simpliﬁes to thepossibilities+or−. The signs
of Fh are accessible by contrast variation,which is donebymeasuring the
samples at no less than three different D2O/H2O ratios as described
previously [40]. For amoredetaileddescription regarding theevaluation
procedure of the neutron diffraction data, see [39–41].
For the exact localization of certain molecular groups, one can
beneﬁt from the advantage offered by neutrons to distinguish not only
between different atoms, but also between isotopes [42]. According to
[43], the coherent scattering lengths bcoh for hydrogen (1H) and
deuterium (2H) are quite different and equal to −0.374 and
0.667×10−12 cm, respectively. Hence, speciﬁc deuterium labeling of
molecular groups can be used to determine the position of lipids inside
the SC lipid model membrane [15,16]. In the present study, we used the
speciﬁcally labeled oleic acid-9,10-D2 (OA-D2) to localize the penetra-
tion enhancer.
In order to receive information about the position of the deuterated
label, it was necessary to determine the structure factors Fh _deut of the
“deuterated” sample (Basic_OA-D2) as well as the structure factors
Fh _prot for the “protonated” sample (Basic_OA), and subsequently to
calculate the difference Fh _diff using Eq. (2):
Fh dif f = Fh deut−Fh prot ð2Þ
Then, the difference proﬁles ρs(x)diff, which represent the
distribution of deuterium density across the bilayer were evaluated
as follows:
ρs xð Þdiff =
2
d
⋅ ∑
h max
h=1
Fh dif f ⋅ cos
2⋅π⋅h⋅x
d
 
ð3Þ
Aspointedoutbefore in [15], it is reasonable toonly use the structure
factors obtained at 8% D2O for calculating the difference proﬁles, as the
scattering signal resulting from themembrane couldbedisturbedby the
water signal at higher D2O concentrations. Consequently, the ρs(x)diff
presented here refer to the structure factors measured at 8% D2O.
3. Results and discussion
3.1. Lamellar assembly of “Basic” and “Basic_OA”
In this section, the neutron diffraction results obtained for the
quaternary sample composed of CER[AP], CHOL, PA and ChS (Basic,
mass ratio 55/25/15/5), and the sample containing 10% OA (Basic_OA)
are presented. The corresponding diffraction patterns for both samples
Fig. 2. Rocking scans around the 1st order Bragg peak (2θ=6.6°) of two different
multilamellar samples, which were rotated in an angular range of omega (ω)=±2° to
check themosaicity. A and B: sample composed of CER[AP], CHOL, PA, ChS and OA (ratio
49.5/22.5/13.5/4.5/10 m/m) before (A) and after treatment with buffer pH 9.5 (B). C:
rocking scan of the sample containing CER[AP], CHOL, PA and ChS (55/25/15/5 m/m).
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diffractionpeaks attributed toone lamellarphase are detectable for both
SC lipid model membranes and indicate a high degree of lamellar order
formed under the chosen conditions. Interestingly, neither reﬂections
from phase-separated CHOL crystals which were observed before in
such SC models [44,45], nor signals from additional lamellar phases
were recorded. The calculated lamellar d-spacings are listed in Table 2.
Since we detected a similar repeat distance for the sample Basic as has
been reported before for the samemodel system [12], the comparabilityof the present results with former ﬁndings is proven. An additional
peak (see Fig. 3) could not be assigned to a lamellar phase and was
attributed to a crystal of Na2CO3 or NaHCO3 due to the peak position at
2θ=31° indicating a latticeparameter of≈10 Å. This crystalwasmaybe
introduced during the preparation procedure since the samples were
treated with a buffer containing both compounds. Presumably after
removal of the buffer solution and drying under atmospheric humidity,
a small amount was left and crystallized.
Interestingly, adding 10% (m/m) of the lipophilic penetration
enhancer OA does not induce any change of repeat distance d (see
Table 2). This is contrary to the results of Zbytovská and co-workers [30],
who reported a slight increase in d-spacing upon raising the amount of
OAadded to a vesicular SCmodel. They furthermoreobserveda separated
phase occurring at higher OA concentration, i.e. 10–15 mol% [30], which
was explained by the formation of a separate domain with more ﬂuid
character, containing OA together with other membrane components.
Former studies using the FT-IR technique [46] or 2H NMR [28] to
determine the inﬂuence of OA on the structure of the SC model systems
likewise suggested the OA-induced extraction of certain membrane
components with formation of an isotropic separated OA-rich phase,
which, however, was not detectable in our study: Since only a single
lamellar phase is formed under the chosen experimental conditions, we
assume thewhole amountofOA tobe incorporated into the lipid lamellae
of the SC model membrane.
These deviations to the former ﬁndings may result from the
different techniques applied: Zbytovská and co-workers investigated
vesicular SC lipid systems [30], whereas planar multiple SC lipid
bilayer stacks were used for our neutron diffraction measurements.
Both sample techniques are well established to study the structural
assembly of SC lipids but the resulting SC model systems exhibit
distinct characteristics. While SC lipid vesicles usually consist of few
curved bilayers dispersed in aqueous media, the model membranes
used in the present study are made up of several hundred stacked
bilayers lacking curvature which are oriented parallel to the planar
substrate surface, and hydration is achieved by creation of an
atmosphere with certain RH. Such a preparation technique yields
hydration properties comparable to in vivo conditions of the SC which
was found to hold almost no free water in the intercellular lipid
matrix as reviewed in [47]. For comparability reasons, we refer to
former neutron diffraction studies and used the sample preparation
method described in [36]. Summing up, the different techniques
presumably account for the observed distinctions in lipid assembly.
We found just a marginal increase in d-spacing at raised RH of 97%
as summarized in Table 2 for both samples. Of course, one has to keep
in mind that such humidity does not compare with full hydration
state, but however, it was shown previously that model membranes
based on synthetic CER exhibit extremely poor interlamellar hydra-
tion of the hydrophilic head groups and consequently do not show a
signiﬁcant swelling [14,48], like for example phospholipid bilayers do
[41]. Kiselev and co-workers suggested the short chain and polar CER
[AP] to account for this observation: acting as a kind of molecular
“linker” between two adjacent membrane leaﬂets it pulls the latter
together and enables the formation of an extremely stable bilayer
backbone [14,48]. Taking into account the speciﬁc characteristics found
especially for CER[AP] [49] andCER[NP] [50],with their headgroupsbeing
saturated with intra- and intermolecular hydrogen bonds it seems likely
that such a compact bilayer assembly hinders water penetration into the
lamellar structures and consequently prohibits swelling. Furthermore,
despite the presence of rather ionizable fatty acid species in the model
membrane investigatedhere, only avery small amountof thosemolecules
will in fact be deprotonated due to the comparatively high pka of fatty
acids inside such ordered lamellar structures [51]. This knowledge could
explain the observed poor interlamellar hydration and lack of swelling
found in the present study.
Another notable ﬁnding is a considerable decrease in the peak
intensity detected for sample Basic_OA (Fig. 3). While the enhancer-
Fig. 3. Neutron diffraction pattern of the model membranes Basic_OA and Basic. Both samples were measured under equal conditions: 8% D2O in H2O, RH 57%. The 1st up to the 5th
diffraction order associated to the lamellar phase are denoted as L1–L5. One additional peak (indicated by an arrow) could not be assigned to the reﬂections of a lamellar structure.
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model membrane exhibits more broadened, less pronounced diffrac-
tion signals under the same measurement conditions. This result
indicates an impaired state of lamellar order due to the presence of
the penetration enhancer. To corroborate this assumption, the rocking
scans around the 1st order Bragg peak for both samples were analyzed.
Comparison of Fig. 2B and C, respectively, reveals the following results:
the 1st order reﬂection for sample Basic_OA (B) is broadened and less
intense, as the scattered intensity is spreadover awider angular range in
omega (ω), and sample mosaicity is high [15]. As the Bragg peak is still
visible and exhibits a distinct maximum at θ=3.2°, we conclude a part
of the lipids to be arranged in membranes parallel to the substrate
surface in presence of OA. However, the decreased peak intensity can
result from a distinct surface roughness induced by OA. Due to the lipid
disordering effects, the alkyl chains of the SC lipids present in themodel
membrane experience a certain perturbation or misalignment which
results in the observed increase of mosaicity. This is in line with former
reports on OA causing increased alkyl chain disorder and disturbing the
lamellar assembly of SC lipids in model bilayers [27]. Contrary to this,
sample Basic exhibits not only a higher reﬂex intensity, but also a
narrower peak shape. Accordingly, mosaicity must be lower compared
to sample Basic_OA.
Despite the observed impairment of bilayer order in the presence
of OA, the detection of ﬁve orders of diffraction allowed for the
calculation of the neutron SLD proﬁles ρs(x). The signs of Fh _prot for
sample Basic_OA were determined to be−, +,−, +,−for the 1st up
to the 5th order of diffraction, respectively. As described before [44],
the calculation of ρs(x) on an absolute scale would produce large
errors, consequently, all neutron SLD proﬁles are presented on a
relative scale in arbitrary units (a.u.). The proﬁles for sample Basic_OA
at three different D2O/H2O ratios (100/0, 50/50 and 8/92 v/v) at 57%Table 2
Lamellar d-spacings recorded for the model membranes Basic and Basic_OA. The value
for 57% RH was averaged over three D2O concentrations, while the value for the
increased RH represents the mean of two D2O contrasts.
Sample 57% RH 97% RH
Basic 44.65±0.01 Å 46.86±0.3 Å
Basic_OA 44.66±0.03 Å 47.03±0.2 ÅRH are depicted in Fig. 4 and provide insights into the model bilayer
assembly:
i. The proﬁle represents the neutron scattering length density (SLD)
distribution across one bilayer. Thereby, the unit cell features two
maxima at the outer edges, indicating the presence of atoms with
positive neutron scattering length, i.e. the polar SC lipid head groups.
Neighbored bilayers are close to each other which indicates the
presence of an extremely small intermembrane space.
ii. The lipids are pointing their alkyl chains towards the bilayer center
as supposed. The high density of hydrogen atoms from terminal
methyl groups of the lipid molecules with resulting accumulation
of negative scattering length accounts for the formation of the
minimum at x=0 Å. A partial interdigitation is also possible as
shown before [17].
For the sake of interpretation, two molecules of CER[AP] are
added in Fig. 4 to schematically represent the bilayer arrangement.
From the Fourier proﬁles we conclude that the presence of OA does
not tremendously alter the expected bilayer structure of the
quaternary model membrane. Especially when both samples, Basic
and Basic_OA are compared directly as shown in Fig. 5, the lipid
arrangement appears to be comparable in both model systems, as
the unit cell has the same size and the head groups are in the same
position. For such parallel presentation of the ρs(x) for both model
systems, the sum of the Fh obtained for each membrane was
normalized to 1 and thereby placed on the same relative scale as
presented in Table 3.
Small variations in the neutron SLD proﬁles are visible around the
bilayer center with a less pronouncedminimum detected for the sample
containing OA, indicating that the middle of the bilayer is no more only
formedby terminalmethyl groups. A reason for this observation could be
the presence of OAwhich is shown to induce a certain state of disorder or
even misalignment of the SC lipids. The result might be a larger
displacement of a certain number of terminal methyl groups (CH3) by
methylene groups (CH2) due to the increased alkyl chain disorder.
Consequently, the reduced number of hydrogen atoms present in the
bilayer center accounts for the lower minimum detected. A similar
observation has been reported for a ternary SCmodel based on CER[EOS],
CER[AP], and CHOL [45]. The authors concluded the methylene groups
from the outstretched CER[EOS] chain to be extended throughout the
Fig. 4. Neutron scattering length density (SLD) proﬁle ρs(x) calculated for sample Basic_OA at RH 57% and at three different D2O/H2O concentrations: 8% D2O (green line), 50% D2O
(blue line) and 100% D2O (red line). For better understanding, the SC lipid arrangement inside the bilayer is indicated by two molecules CER[AP].
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groups present in the bilayer center, which appeared as less pronounced
minimum.
Summarizing, the neutron diffraction data indicate a strongly
impaired lattice orientation in the presence of OA which shows in the
enormously decreased intensity of the 1st order Bragg peak. This is due to
the fact that scattered neutron intensity is spread over a wide angular
range in ω, as the lipids are no longer arranged in an exact crystal-like
orientation, but are distributed over the quartz substrate in a powder-like
structure with a high mosaicity. The postulated perturbing effects of
unsaturated fatty acids like OA onto the structure of skin lipids [23,25–
27,52] could thus be corroborated by the present results. Additional
differential scanning calorimetry (DSC) measurements on the SC lipidFig. 5. Comparison of the neutron SLD proﬁles ρs(x) for the sample with OA (Basic_OA,systems Basic and Basic_OA, respectively, revealed a considerable shift of
the main phase transition to lower temperatures for the sample
containing 10% OA in comparison to the sample without OA (DSC data
not shown). Moreover, the transition peaks are not only occurring at
decreased temperatures, but also the heat ﬂux upon phase transition is
dramatically decreased in presence of the penetration enhancer. These
ﬁndings likewise suggest a strong interaction of OA with the SC lipid
chains in terms of markedly impaired alkyl chain order.
Although OA caused a distinct perturbation of the state of lipid chain
order, our results also indicate the persistence of a stable lamellar
structure unaffected in its hydration properties and bilayer size. This
stability ismost likely due to the inﬂuence of the polar CER[AP] enabling
the formation of a stable bilayer backbone as illustrated in Fig. 6.black line) and without OA (Basic, red line), both measured at 57% RH and 8% D2O.
Table 3
The structure factors Fh normalized to 1 for the model membrane CER[AP]/CHOL/PA/ChS
(55/25/15/15 m/m, Basic) and the sample composed of 49.5/22.5/13.5/4.5/10 (Basic_OA).
Both samples were measured at D2O/H2O ratio of 8/92 (v/v) and 57% RH.
Diffraction order h Fh norm Basic Fh norm Basic_OA
1 −0.439 −0.455
2 0.153 0.177
3 −0.191 −0.168
4 0.103 0.101
5 −0.107 −0.084
Fig. 6. Sketch of the lamellar SC lipid arrangement in the investigated model systems. A:
the Basic model containing CER[AP]/CHOL/PA/ChS. B: sample Basic_OA additionally
containing OA.
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To corroborate the assumption that OA closely interactswith and is
incorporated within the SC lipid model membrane components, weFig. 7. Neutron SLD proﬁles at 8% D2O, RH 57%, of the model membrane containing the deute
density proﬁle ρs(x)diff representing the deuterium distribution across the membrane (black
OA. For the sake of interpretation, a sketch of the arrangement of two molecules of OA is aapplied speciﬁcally deuterated OA-D2 to the SC model membranes.
The multilamellar sample allowed for detection of up to ﬁve orders of
diffraction (data not shown) assigned to one lamellar phase with
d=44.39±0.07 Å, which is approximately the same value as for the
protonated sample. Fig. 7 illustrates the Fourier proﬁles of both model
membranes simultaneously on the same relative scale. As expected, the
neutron SLD distribution across the bilayer is in general comparable;
however, some signiﬁcant differences appear in the hydrophobic
membrane region, where the ρs(x) of sample Basic_OA-D2 is clearly
shifted towards amore positive value. This observation is attributed to the
appearance of additional positive neutron scattering length in that
membrane region. As the SC lipid model membranes compared here
only differ in the presence or absence of 2 deuterons, the observed
variations appear due to the localization of the D2 label in that position.
To verify this assumption, the difference scattering length density proﬁle
ρs(x)diffwas calculated as described above and is included in Fig. 7 (black
solid-dotted line).
The two maxima appearing in this function represent the location of
the D2 label within the SC lipid model bilayer, i.e. the cis double bond
present in OA, where the deuterons are positioned according to Fig. 1. As
themembrane is centrosymmetric, the twomaxima can be ﬁtted by two
identical Gaussian functions, with the position of maximum deuterium
density determined to be |x|=8.6±0.04 Å. The full width at half
maximum (FWHM) of the Gaussian was found to be about 5.4 Å, a bit
larger than the nominal resolution ofΔd = d2n=4.5 Å of the experiment.
Due to the limited number of diffraction peaks detectable, the resolution
of the Fourier synthesis is limited as well. Considering an average C\C
bond length for sp3hybridizedCatomsof 1.5 Å [53], the carboxyl groupof
OA pointing towards the head group region of the model membrane is
presumably located at about 20 Å. This value is in good agreement with
the calculated position of the head groups of 22.2 Å, which is deﬁned as
xPH=d/2 [14].
Summing up, the bilayer architecture of the model membranes
with and without the lipophilic penetration enhancer OA was
studied on a molecular level. Furthermore, we were able to localize
the position of the penetration enhancer inside the lipid lamellae
by applying speciﬁcally deuterium-labeled OA-D2. The neutron
diffraction results prove the incorporation of 10% (m/m) OA into
the lipid lamellae, where the penetration enhancer then can
interact with the SC lipids. The assumption that OA tends to formrated (blue line) and the protonated OA (red line), and the difference scattering length
dash-dotted line). The two maxima of ρs(x)diff represent the position of the D2 label of
dded.
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membrane components [30] could not be afﬁrmed by the present
neutron diffraction study.
Additionally, the SC lipid membrane composed of CER[AP]/CHOL/
PA/ChS which was extensively studied before [12,14,30,48] was shown
to serve as an appropriate model for studying the impact of penetration
enhancer species like OA to the molecular arrangement of SC lipids by
means of the neutron diffraction technique.
4. Conclusions
The present study investigates OA, a lipophilic substance well-
known to act as penetration enhancer, and its impact to an SC lipid
model membrane extensively analyzed before [12–14]. The neutron
diffraction technique enabled to evaluate the bilayer structure on a
nano-scale and to compare different membrane characteristics of
samples with and without the presence of enhancer molecules, e.g.
bilayer thickness and hydration behavior.
Our ﬁndings indicate that OA does not provoke a change of bilayer
thickness in the model membrane investigated here. In contrast to
former reports on OA-induced phase separations due to ﬂuidization
effects [28,30,46], the present neutron diffraction data reveal the
formation of a single lamellar phase in the presence of 10% m/m OA
under the chosen experimental conditions. This ﬁnding can be
attributed to different techniques applied for preparation of SC model
systems. To further analyze whether OA is in fact incorporated into the
model matrix bilayers, and to localize the exact position of the
penetration enhancer in the membrane, we applied speciﬁcally
deuterated OA-D2. Our results give direct evidence that the deuterated
label and therewith the penetration enhancer is effectively integrated
within themodel matrix, with the double bond positioned at a distance
of about 8.5 Å from the bilayer center. Finally, the diffraction data
emphasize thedramatic impact of OA to the state of lamellar order of the
SC lipids as already described before [54].We detected a substantial loss
of order when OA is present inside the SC lipid model membrane
indicating the perturbation of proper alkyl chain alignment by the
lipophilic penetration enhancer, which became apparent in decreased
neutron scattering amplitudes. The presence of the cis double bond in
the OA molecules is probably causing the perturbation of the SC lipid
chainswhich accounts for the observed lamellar disorder. Therefore,we
conclude that the intercalation of OA into the lipid lamellae together
with the increase of alkyl chain disorder preferentially accounts for the
reported enhancing effects of OA on the drug permeation through the
skin.
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